Accumulation of lipid-laden macrophages (foam cells) is characteristic of atherosclerosis development in the arterial walls. Ferritin nanocages have been found to passively accumulate in the atherosclerotic plaque. Ferritin has been actively investigated as a carrier for contrast agents in atherosclerosis diagnosis. We demonstrate the potential of ferritin as a carrier for therapeutic molecules to mediate cholesterol reduction from foam cells. Cyclodextrin molecules are chemically conjugated to the ferritin nanocages surface or encapsulated within the nanocages using metal co-loading methods. The cyclodextrin-conjugated ferritin has nanomolar affinity to cholesterol molecules. Treatment of foam cells with the conjugates shows decreased levels of intracellular accumulated cholesterol. The preferential localization of ferritin to foam cells is due to transferrin receptor-mediated endocytosis process. These findings show that ferritin nanocages as carriers localize cyclodextrin molecules to foam cells which mediate intracellular cholesterol reduction, thus highlighting its potential use as a therapeutic agent.
Introduction
Atherosclerosis is the leading cause of mortality globally [1] . Changes in diet, exercise and cholesterol lowering drugs such as statins, are prescribed in response to atherosclerosis diagnosis. Statins, being a preventive drug, maintain cholesterol homeostasis but contribute minimally to plaque area reduction and cause side effects such as muscle degeneration with chronic use [2] . Other experimental therapeutic approaches include gene therapy to knock down low-density lipoprotein receptors (LDLR) to minimize intracellular cholesterol accumulation and use of recombinant retroviruses to express antioxidants thereby reducing reactive oxygen species (ROS) mediated atherogenesis. However, stability of the vectors, scalability issues, and cost of these methods have limited their clinical translation [3] . To overcome these limitations, other approaches for foam cell targeting and atherosclerosis regression that could be used in conjunction or as an alternative to current therapeutic approaches are being investigated.
Atherosclerosis is characterized by the accumulation of oxidized low-density lipoproteins in the arterial wall and the recruitment of monocytes in developing plaques. The synergistic effect of increased expression of adhesion molecules and the influx of cholesterol containing lipoproteins results in the transmigration of the monocytes into the intima, its differentiation into macrophages, and the formation of foam cells [4, 5] . These lipid-laden macrophages (foam cells) have been recently identified as biomarkers for the progression of atherosclerosis and are being explored as potential targets for atherosclerosis treatment [6] .
Nanoparticles for biomedical applications such as treatment and biomedical imaging have been an active research area. Particles with sizes between 10 and 300 nm are found to be optimal to ensure sufficient circulation time and minimal toxicity [7] . Examples of nanoparticles that have been introduced to address atherosclerosis include reconstituted high-density lipoproteins, poly(lactic-co-glycolic acid) (PLGA) nanoparticles, lipid carriers and protein-based nanoparticles [8] [9] [10] [11] . Distinct from other nanoparticles that require capping agents, proteins naturally exist as monodispersed particles without aggregating under physiological conditions [12] . This facilitates the ease of predicting optimal dosage requirements of the therapeutic molecules co-delivered with the proteins. Ferritin, a protein composed of 24 polypeptides forming a cage structure, is an iron storage protein that stores insoluble ferric compounds intracellularly thus maintaining cellular iron homeostasis. Human ferritin has been found to localize in the plaque region and be taken-up by macrophage cells by receptor-mediated endocytosis upon intravenous administration. The ferritin is found to localize in the lesion sites for up to a duration of 48 h before being degraded by proteases [13] . Vessel walls in atherosclerotic tissues have gaps in the endothelial lining allowing extravasation of nanoparticles to the site of interest. Nanoparticles are proposed to enter the interstitial space via the adventitia through dysfunctional micro-vessel network formed during angiogenesis. They subsequently localize in the interstitial space following enhanced permeability and retention (EPR) effects [14, 15] . Ferritin has been previously proposed to be used as potential candidate for diagnostic imaging with properties desired for magnetic resonance imaging (MRI) contrast agents [15] [16] [17] [18] .
Taking advantage of ferritin's natural preferential accumulation in the plaque, it's therapeutic potential can be thus harnessed by conjugating molecules that mediate cholesterol efflux from foam cells. Our work makes use of Archaeoglobus fulgidus derived ferritin with two amino acid modifications (K150A/R151A; AfFtnAA) that are formed by the self-assembly of the 24 polypeptides into a nanocage of ~ 12 nm [19] . AfFtnAA is a closed pore mutant with controllable self-assembly property in response to ionic strength or metal loading. Co-loading of small molecules such as drugs with metal ions results in encapsulation of high concentration of the drugs in its hollow core of ~ 8 nm in diameter. Ease of surface modification allows for the conjugation of small molecules or antibodies using chemical conjugation or genetic fusion strategies [20] . In this study, cyclodextrins (CDs) are chosen as the candidate to mediate cholesterol reduction in vitro. CDs have been known to have high affinity to cellular cholesterol and thereby can promote solubilization or removal of cholesterol from foam cells [21, 22] . CD and its derivatives are United States Food and Drug Administration (US FDA) approved natural glucose oligomers (found as by-products of starch degradation) used as complexing agents to solubilize and deliver hydrophobic drugs [23, 24] . Subcutaneous administration of 2-hydroxypropylβ-cyclodextrin in hypercholesteraemic mice models induced atherosclerotic regression by about 45% [25] .
This work is a proof-of-concept study demonstrating the use of cyclodextrin-ferritin nanocage conjugates (AfFtnAA-CD) as a cholesterol sequestering agent from foam cells. Here, molecular interaction studies using biolayer interferometry shows nanomolar range binding affinities between free cholesterol molecules and AfFtnAA-CD. The intracellular cholesterol reduction capacity of the construct is quantified using enzymatic assay. Uptake studies using inductively coupled plasma mass-spectrometry (ICP-MS) and fluorescence imaging confirm the passive localization of ferritin to cholesterol loaded foam cells in comparison with methyl-β-cyclodextrin (MβCD) molecules. Using in vitro foam cell models, we highlight the potential use of engineered protein nanocages as theranostic carriers for cyclodextrin to mediate atherosclerosis regression.
Results

Conjugation and loading of cyclodextrin in ferritin protein nanocages
Small molecules can be incorporated onto protein nanocages on the external and internal surfaces. Figure 1 shows the two approaches used in this work where CDs are chemically conjugated to the external surface of AfFtnAA nanocages or loaded in the inner cavity. Conjugation of β-CD to the AfFtnAA has been achieved by copper(I)-catalyzed azide/alkyne cycloaddition (CuAAC) reaction. The conjugation requires modification of AfFtnAA external surface to incorporate cysteine amino acids for reaction with maleimide based linker. The cysteine-modified AfFtnAA (AfFtnAA/E94C) has been produced and purified. Basic characteristics of the unloaded protein subunits (Apo-AfFtnAA) is verified using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) presenting a thick band at 20 kDa. The AfFtnAA cage structure is observed to remain intact after the cysteine modification with the resulting hydrodynamic diameter of ~ 14 nm after iron-mediated cage formation. The self-assembly characteristic upon iron loading is consistent to previously reported data on AfFtnAA [19] (Fig. S1 in the Electronic Supplementary Material (ESM)).
The relatively insoluble β-CD has been shown to have the highest affinity to cholesterol molecules compared to methyl-and hydrodypropyl-substituted β-CDs due to the absence of steric hindrance from the additional substituent groups typically incorporated to enhance solubility [26] . The conjugation of β-CD to hydrophilic AfFtnAA enhances its solubility and stability in aqueous solutions allowing the use of native CDs. MβCD is chosen for loading within the nanocage internal cavity and for in vitro cholesterol reduction assays due to its comparable cholesterol affinity and high aqueous solubility. A size increase from 5 nm for Apo-AfFtnAA to 12.5 nm for (Fe2400) AfFtnAA-CD is observed after conjugation and iron loading. Mass spectrometry measurements show the conjugation of AfFtnAA with the linker and subsequently with β-CD (Figs. 2(a) and 2(b)). Two significant peaks at 20.3 and 21.4 kDa correspond to the expected molecular weight of AfFtnAA-PM and AfFtnAA-CD. Peak integration shows that ~ 75% of the cysteines are modified corresponding to 17-18 molecules of cyclodextrin conjugated to each ferritin cage.
Encapsulation of CDs inside AfFtnAA is achieved by co-loading with its natural ligand. Fe 2+ has been reported to drive the self-assembly of the AfFtnAA subunits during which other molecules could be encapsulated [27] . The encapsulation efficiency was quantified using Figure 1 Display of cyclodextrin on the external surface and loading in the cavity of AfFtnAA. (a) Propargyl maleimide linker is reacted with the reduced cysteine groups on Apo-AfFtnAA following thiol-maleimide reaction chemistry. Linker conjugated protein subunits (Apo AfFtnAA/E94C-PM) are reacted with azide modified β-CD molecules in the presence of copper (II) sulphate as catalyst and sodium ascorbate as the reducing agent. Protein nanocages are assembled using the β-CD conjugated AfFtnAA sub-units (Apo AfFtnAA-CD) by the addition of 2,400 Fe 2+ atoms to form the cyclodextrin-ferritin nanocage conjugates ((Fe2400) AfFtnAA-CD). (b) AfFtnAA subunits are assembled to form the nanocages following a co-loading method with 1,000 MβCD molecules and 2,400 Fe 2+ atoms incubated for a period of 1 h under static conditions to form the CD encapsulated AfFtnAA nanocages. fluorescence measurements of fluorescein isothiocyanate (FITC) tagged MβCD. The fluorescence measured from the ferritinencapsulated CD samples is correlated with a standard curve to estimate the amount of CD molecules loaded per cage ( Fig. 2(e) ). This yields a result of ~ 35 cyclodextrin molecules loaded in each ferritin nanocage.
Lastly, transmission electron microscopy (TEM) images of nanocages conjugated with and encapsulating cyclodextrin show intact cage structures thereby validating the retention of the self-assembly property of AfFtnAA post modifications with cyclodextrin molecules (Figs. 2(c) and 2(f)).
Cholesterol binding affinity and intracellular cholesterol reduction studies
Surface plasmon resonance approaches have been used to demonstrate high affinity of cyclodextrins to cholesterol molecules [28] . To ensure that cyclodextrin remains effective in binding cholesterol, their affinity has been determined using biolayer interferometry (BLI) with streptavidin-functionalized probe. Biolayer interferometry is a technique used to monitor interactions between molecules based on the interference pattern generated due to changes in optical thickness of the molecular layer caused by the binding of molecules to the probe [29, 30] . After ensuring the absence of unspecific binding of AfFtnAA-CD to the streptavidin tip, biotinylated free cholesterol was immobilized onto the probe following high affinity streptavidin-biotin interactions. The relative ligand interaction of unconjugated and cyclodextrin-conjugated protein to the immobilized cholesterol molecules was studied ( Fig. 3 ). Apo instead of iron-loaded AfFtnAA was used for the analysis due to the interference of metal ions with the BLI system. An increase in optical binding thickness is observed with CD conjugated protein. It is seen that the association rate of cyclodextrin conjugated was higher than the unconjugated protein indicating the role of cyclodextrin in increasing the affinity of AfFtnAA to the cholesterol molecule. Affinity measurements were conducted with varying concentrations of AfFtnAA-CD to determine the range of dissociation constant (KD) values. Unconjugated Apo AfFtnAA has a KD of 100 μM. In contrast, Apo AfFtnAA-CD shows higher specific binding towards free cholesterol with a KD of ~ 5 nM. Interactions between MβCD were not quantified due to the limitation of the instrument being unable to measure small molecular (less than 10 kDa) interactions. These results confirm the functionality of cyclodextrin upon conjugation with AfFtnAA and suggest its usage for cholesterol sequestration in physiological systems.
Upon confirmation of molecular binding of AfFtnAA-CD to cholesterol molecules using interferometry, the cholesterol sequestration capacity of AfFtnAA-CD was tested in vitro. Foam cells generated by incubation with 40 μg/mL oxidized low-density lipoproteins (oxLDL) under serum free media conditions showed intracellular cholesterol accumulation. Amplex red assay was used as a quantitative assay to measure cholesterol reduction in foam cells treated with the different conditions for 24 h. Macrophage cells without oxLDL treatment and untreated foam cells were used as controls. A 38% reduction in accumulated intracellular cholesterol was observed with AfFtnAA-CD treatment which was comparable to cholesterol levels in macrophage cells ( Fig. 4(a) ). AfFtnAA loaded with MβCD showed a decrease in accumulated cholesterol levels. However, a more significant decrease was observed with AfFtnAA-CD treatment. Cells treated with native AfFtnAA did not show any marked decrease in % of accumulated cholesterol as compared to the untreated samples.
The effect of AfFtnAA-CD was further tested with treatment in a time dependent manner varying from 1 to 24 h ( Fig. 4(b) ). We found a decrease in cholesterol levels within 2 to 6 h of treatment with AfFtnAA-CD. The results validate that the CD remained functional upon conjugation and mediated cholesterol sequestration property of AfFtnAA-CD. The overall cholesterol levels of treated cells dropped to the level of untreated macrophage cells within 6 h of treatment thereby, highlighting the effectiveness of AfFtnAA-CD in reducing intracellular cholesterol level.
Preferential accumulation of ferritin in foam cells
To gain an insight into the uptake specificity of AfFtnAA and FITC-MβCD to foam cells over macrophage cells, quantitative uptake tests were carried out using ICP-MS and imaged using fluorescence microscopy. Utilizing the presence of iron atoms within ferritin nanocages, quantification of total iron content inside cells using ICP-MS was used as a method to monitor cellular uptake levels of AfFtnAA ( Fig. 5(a) ). The iron concentrations are normalized against cell number to obtain the relative amount of iron per cell thus correlating with the relative AfFtnAA accumulated per cell. Over increasing duration of treatment, a steady increase in accumulated iron content is observed with foam cells demonstrating greater uptake relative to macrophage cells. After 24 h, foam cells show almost triple increase in uptake of AfFtnAA as compared to unloaded macrophage cells. The increased uptake levels in foam cells are also visualized using fluorescence imaging ( Fig. 5(b) ). A similar increase in uptake of protein conjugates is observed in macrophage cells and foam cells treated with AfFtnAA-CD for a duration of 24 h ( Fig. 5(c) ).
Human ferritin undergoes transferrin receptor mediated endocytosis in mitogen activated T and B cells [31] . A co-incubation test with transferrin, a natural ligand of transferrin receptor, is conducted to further confirm a similar uptake mechanism in macrophage cells incubated with the ferritin cages studied here. As expected, accumulated iron amounts in cells incubated only with transferrin is found to be lower than when incubated with AfFtnAA. This is due to the lower iron content of 10 Fe atoms per molecule of transferrin as compared to AfFtnAA with 1,700 Fe atoms per cage. Normalization with the Fe atoms per cage shows up to 3 times higher uptake of transferrin than ferritin thus validating it as a natural ligand. Co-incubation of 5 times (by mass) higher amount of transferrin with AfFtnAA results in only a slight increase in total cellular iron content, thus, indicating the inhibition effect on ferritin uptake as a result of co-incubation. The transferrin uptake serves as the baseline for subsequent calculations. Subtraction of iron content due to transferrin uptake from the total intracellular iron measured after co-incubation shows a 62% inhibition in AfFtnAA uptake ( Fig. 5(d) ). The decrease in uptake in the presence of transferrin is also visualized using fluorescence imaging of AfFtnAA tagged with AlexaFluor 488 in the inner cage surface (Fig. S2 in the ESM). We observe an inhibition of AfFtnAA uptake in the presence of excess transferrin thereby suggesting the role of transferrin receptor mediated endocytosis pathway in ferritin uptake.
The absence on metal ions from cyclodextrin cavity requires an alternative method to monitor the intracellular iron levels. Fluorescence imaging has been used to observe the localization of FITC conjugated MβCD in macrophage and foam cells at 2 and 24 h time points (Figs. 6(a) and 6(b)). The values have been corrected for any autofluorescence observed in untreated cells. Increase in fluorescence intensities are observed after 24 h as compared to a 2 h treatment period for both macrophage and foam cells. However, no significant difference is observed between the fluorescence intensities in the two cell types for each of the time points measured. 
Discussion
In this work, we compare the cholesterol sequestration capacity of ferritin nanocages that have been modified with β-cyclodextrin both on the internal and external cage surface. We have demonstrated similar cholesterol sequestration efficacy of conventional atherosclerosis first-line drug, simvastatin, and MβCD molecules using the foam cell models developed for this work (Fig. S3 in the ESM). Eighteen molecules of cyclodextrin were conjugated to the cage using CuAAC reaction. Previous studies using CuAAC reaction method makes use of long linkers such as N-propargyl-3-maleimidopropionamide as an alternative to the propargyl maleimide linker used in this study [32] . Although resulting in slightly enhanced conjugation efficiency, additional reaction steps for synthesis of the long linker can be avoided while maintaining at least 75% conjugation using propargyl maleimide. Approximately 35 molecules of MβCD were encapsulated within the cage cavity following the co-loading method with metal ions. This corresponds to a loading capacity of 11.7% which resulted in higher number of cyclodextrin molecules per cage in comparison to external surface conjugation. In addition to the metal-induced assembly, AfFtnAA comprises of hydrophobic residues on the inner surface which could further contribute to the encapsulation affinity of CDs.
We have shown intracellular cholesterol reduction using both AfFtnAA (MβCD) and AfFtnAA-CD with a greater reduction occurring upon treatment with the latter. Recent studies have demonstrated prolonged CD mediated cholesterol efflux after endocytosis by Niemann Pick Type C mutant cells, a disorder characterized by the accumulation of lysosomal cholesterol [33] . The comparison between AfFtnAA-CD and AfFtnAA (MβCD) in mediating intracellular cholesterol reduction highlights the dual importance of cell membrane interaction of CDs obtained from the conjugated nanocages along with possible interactions with the intracellular cholesterol pool after endocytosis of the conjugates.
A 62% inhibition in AfFtnAA uptake in macrophage cells is observed upon co-incubation with 5 times molar excess of transferrin. The data suggest that endocytosis of ferritin in macrophage cells is most likely mediated by transferrin receptors which are known to be overexpressed in human carotid plaque foam cells [34] . Therefore, ferritin can serve as a useful delivery platform owing to its passive uptake property and preferential localization in foam cells overexpressing the receptor of interest.
Unlike the receptor mediated endocytosis pathway of AfFtnAA, uptake of FITC-MβCD has been shown to be mediated via micropinocytosis pathway in Caco cells [35] . This pathway, also known as cell drinking, does not involve receptors specific to the ligand (CDs in this case) and results in uptake of the ligands along with other extracellular matrix proteins. Since this pathway is common to both foam cells and macrophage cells, no appreciable difference in FITC-MβCD uptake is observed between the two cell types as we have shown using fluorescence imaging.
The high dosage requirement of CDs has limited its clinical translation as a bare drug despite its high cholesterol affinity. This could be explained by the < 1 nm size of CD molecules. CD half-life (t1/2) is estimated to be less than 2 h and is expected to be cleared from the system within 6 h [36] . CDs administered through intravenous injection are rapidly cleared by the kidneys preventing them from permeating and localizing in foam cells in lesion sites. The passive accumulation property of ferritin in foam cells demonstrated in this work suggests that protein cages could act as mediators of specific delivery of CDs to foam cells. This could result in enhanced localization of CDs in the plaque region in vivo, thus potentially reducing CD dosage requirements to below sub-toxic levels.
Conclusions
Foam cells in atherosclerosis have been identified as key targets to mediate atherosclerosis regression by facilitating a reduction in intracellular accumulated cholesterol. In previous works, ferritin protein nanocages have been proposed to be used as contrast agents due to EPR mediated preferential accumulation property in the plaque region. We report the use of cyclodextrin conjugated ferritin nanocages as a therapeutic molecules to reduce cholesterol from foam cells. We demonstrate high affinity of cyclodextrin-ferritin conjugate to cholesterol molecules and subsequently observed cholesterol reduction in in vitro foam cell models. Furthermore, ferritin has been shown to accumulate in foam cells with 3-folds higher quantity than in macrophage cells thus demonstrating preference. Our study opens perspectives on harnessing the potential of ferritin nanocages as a versatile platform for atherosclerosis diagnosis and therapy.
Experimental
AfFtnAA modification and production
Cysteine substitution was made at position 94 in the AfFtnAA gene and was verified to be located on the outer cage surface using PyMol simulations. The 94 th amino acid residue is a non-interacting residue on the external surface of ferritin avoiding any steric hindrance with the ferroxidase sites of the cages. The substitution on AfFtnAA gene is carried out using site directed mutagenesis following protocols mentioned by Bachman [37] . Briefly, forward and reverse primers are designed to include the codons corresponding to the mutation with ~ 30 amino acid extensions binding to AfFtnAA (template) plasmid. The linear amplification of the plasmid is carried out for a total of 40 cycles and a final extension of 15 min. The template plasmids were digested with Dpn1 and transformed into E. coli DH5α competent cells for colony screening. The isolated plasmid was then transformed into a E. coli BL21(DE3)-C+RIL strain and overexpressed in lysogeny broth (LB) medium containing ampicillin (100 μg/mL) and chloramphenicol (50 μg/mL). The overexpression and protein purification was performed as previously described [16, 19] . Optical density (OD) measurements were taken during cell growth. Gene expression was induced by the addition of 1 mM isopropyl β-Dthiogalactopyranoside (IPTG) when OD600 reached between 0.6 and 0.8. Post 4 h of growth after induction the cells were harvested using a centrifuge at 8,000g for 5 min. Cell pellets were then lysed using a ultrasonicator followed by heat treatment at 85 °C for 10 min. Hydrophobic interaction chromatography (HIC) was performed on a AKTA-Explorer FPLC System (GE Healthcare) using a HiPrep Phenyl FF (high sub) column equilibrated with 25 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), 50 mM NaCl and 500 mM (NH4)2SO4 buffer at pH 7.4. The desired protein was eluted out of the column with 25 mM HEPES, 50 mM NaCl. The eluted proteins were buffer exchanged with 25 mM HEPES, 50 mM NaCl, pH 7.4 buffers using a Amicon Ultra-15 Centrifugal Filter Units (10,000 Da) to remove any (NH4)2SO4 present in the eluted fractions. Protein concentrations were measured using Bradford Assay with bovine serum albumin (BSA) as the standard and the Quick Start ™ Bradford 1X Dye Reagent.
Conjugation of cyclodextrin
Cyclodextrin was conjugated to the protein cage using copper (I) catalysed azide/alkyne cycloaddtion reaction (CuAAC) following the methods described previously with slight modifications [32] . Cysteine mutations on the cage was reduced by the addition of 15 molar excess of tris(2-carboxyethyl)phosphine (TCEP) and incubated for 1 h at room temperature (RT) on a 3D shaker. Propargyl maleimide (MW ~ 130.12 Da, Kerafast, Inc., USA) was used as the linker to react with the sulphydyl groups of the cysteine. AfFtnAA was incubated with 100 molar equivalents of propargyl maleimide for 3 h at 25 °C with vigorous shaking at 200 rpm. Unreacted propargyl malemide was then removed using a PD-10 column using 25 mM HEPES, 50 mM NaCl, pH 7.4 as the buffer. The CuAAC reaction was then performed using 10 μM of AfFtnAA-PM, 15 mM 6-Monodeoxy-6-monoazido-beta-cyclodextrin (Mw ~ 1,160 Da, CycloLab Ltd., Hungary), 0.25 mM copper (II) sulphate, 2.5 mM tris(3-hydroxypropyltriazolylmethyl)amine, 5 mM sodium ascorbate and 5 mM aminoguanidine hydrochloride (Sigma) incubated at 25 °C for 12 h. Unreacted components were then removed using a PD-10 column and desalted AfFtnAA-CD stored in 4 °C for further characterization.
Loading of cyclodextrin
Equivalent of 1,000 atoms of fluorescently labelled randomly MβCD (FITC-MβCD) (MW ~ 1,300 Da, CycloLab Ltd., Hungary) and 600 Fe atoms per ferritin cage was co-loaded at RT and incubated for 2 h. Excess FITC-MβCD was desalted using a PD-10 column. The number of FITC-MβCD molecules encapsulated was characterized by fluorescence measurements at Ex495/Em519 nm and correlated with a standard curve plotted with known concentrations of FITC-MβCD.
Protein size determination
The hydrodynamic size of the protein was determined by dynamic light scattering (DLS) (Zetasizer Malvern Instruments) by assaying a 0.2 mg/mL protein sample in 25 mM HEPES, 50 mM NaCl, pH 7.4. The intact assembly of the protein nanocages after conjugation with cyclodextrin was confirmed using TEM (JEOL JEM1400). Samples of 0.1 mg/mL were stained with 2% uranyl acetate and imaged at 100 kV and 25,000× magnification.
Biolayer interferometry
The interactions between AfFtn-CD and unesterified cholesterol molecules were measured by biolayer interferometry using the ForteBio BLItz unit. Before the experiment, streptavidin biosensors (Fortebio) was hydrated in MiliQ water for 10 min. Cholesterol-PEG-Biotin (MW ~ 5,000 Da, NanoCS) at 100 μg/mL was immobilized onto the streptavidin probe for 150 s and the baseline was generated in MiliQ water for 30 s. The probe was dipped in varying concentrations of the protein followed by MiliQ water during the association and dissociation step respectively for 300 s each. The binding of AfFtnAA to the probe without immobilized cholesterol molecule was also tested as a negative control. The dissociation constants were then calculated using the BLItz Pro TM software.
Foam cell formation
RAW 264.7 murine macrophage cells were cultured in Dulbeco's modified Eagle's medium (DMEM), 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin media (all from Gibco ™ ) in T-75 flasks. Cells at 20,000 were seeded in 96 well plates and grown overnight in 37 °C. The medium was then changed to a serum free media for 12 h followed by 24 h incubation with 40 μg/mL oxidized low density lipoprotein (oxLDL). oxLDL was synthesized by the oxidation of low density lipoprotein (LDL) (Lee Biosolutions, USA) with 5 μM of CuSO4 in phosphate buffer saline (PBS) for 16 h at 37 °C.
Cell staining and imaging
Cells were fixed with 4% paraformaldehyde (Sigma) by incubation in 4 °C for 15 min. After washing with PBS, cells were incubated with 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific) for 30 min at 37 °C in darkness. The cells were then washed with PBS and imaged using an inverted Zeiss Axiovert S100 fluorescence microscope (Carl Zeiss, Germany) with a 20× objective at excitation wavelength of 405 nm and 488 nm for DAPI stained and AF488 conjugated samples, respectively. Fluorescence imaging of other samples including cells incubated with both FITC-MΒCD and dye conjugated AfFtnAA were imaged using the same equipment parameters.
Uptake study using ICP-MS
Cells were seeded in 24 well plates at a seeding density of 0.1 × 10 6 cells/mL. Some wells were incubated with oxLDL to form foam cells following the protocol mentioned earlier. Post incubation with AfFtnAA for varying time points (2, 6 and 24 h), cells were scraped and resuspended in 250 μL of PBS. An aliquot of 20 μL was used for cell counting and the rest was digested with nitric acid to prepare samples for ICP-MS analysis.
Cholesterol enzymatic assay
Cholesterol was extracted from the cells using hexane:isopropanol (3:2, v/v) solution by incubation at RT for 1 h. Enzymatic assay was conducted using Amplex Red Cholesterol Assay kit (Thermo Fisher Scientific) following the protocol provided by the supplier. Briefly, samples were diluted with the reaction buffer and incubated with 0.2 U/mL cholesterol esterase, 2 U/mL cholesterol oxidase, 2 U/mL horseradish peroxidase and 300 μM Amplex Red for 1 h at 37 °C. Fluorescence was measured at Ex560/Em590nm. Cell protein from the cells was extracted using 0.2 M NaOH and quantified using Bradford assay.
